We show that a non-abelian global SU(2) R acting on the quartic part of the two Higgs Doublet Model leads, at tree-level, to an automatic alignment without decoupling. An example of phenomenologically viable model with this feature is the the low energy effective field theory of the Minimal Dirac Gaugino Supersymmetric Model in the limit where the adjoint scalars are decoupled. We discuss here how the SU(2) R can be identified with the R-symmetry of the N = 2 supersymmetry in the gauge and Higgs sectors. We also review how the radiative corrections lead to a very small misalignment.
Introduction
The Standard Model Higgs is only known fundamental spin zero particle in Nature. The existence of additional fundamental scalars is not excluded and happens in Early Universe cosmological and supersymmetric models. Such additional scalars could mix with the observable Higgs. This leads to strong constraints from existing experiments data. In particular, this requires that the observed Higgs is aligned with the direction acquiring a non-zero vacuum expectation value (v.e.v). This can be achieved by decoupling the additional scalars by making them heavy enough. But the alignment can also be a consequence of a symmetry of the modelin with case the new scalar masses could lie in a range within the reach of future searches at the LHC. Such an alignment without decoupling was realized in [1] and discussed later in [2, 3] . In particular, it was shown in [3] that the alignment survives with a impressive precision when radiative corrections are taken into account.
The scalar potential of [1], studied in [4] , is that of a Two Higgs Doublet Model (2HDM) 1 . One could search for symmetries of the 2HDM ( e.g. [8] [9] [10] ) that imply alignment without decoupling [11, 12] . But usually such kind of models have problematic phenomenological consequences, as massless quarks [13] . Alignment is not necessarily due to symmetries. Viable cases have been discussed for example in [14] [15] [16] [17] [18] for the MSSM and NMSSM. However this looks as an ad-hoc specific choice of the model parameters. In contrast in [1] the alignment at tree-level is a prediction of a symmetry: a non abelian R-symmetry.
In [1] the (non-chiral) gauge and Higgs states appear in a N = 2 supersymmetry sector while the matter states, quarks and leptons, appear in an N = 1 sector. Early models suffered from the non-chiral nature of quarks and leptons [19, 20] as they have required that N = 2 supersymmetry acts on the whole SM states. An important feature of [1, 4, [21] [22] [23] is that gauginos have Dirac masses [24] [25] [26] [27] [28] . N = 2 extention have implication for Higgs boson physics as discussed in [4, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . We will review here how this alignment emerges and how higher order corrections induce a small misalignment. 1 For an introduction to 2HDM see for example [5] [6] [7] arXiv:1812.02208v1 [hep-ph] 5 Dec 2018
Higgs alignment from an SU(2) symmetry
The standard parametrization of a generic 2HDM is:
We expect the parameters λ i to contain leading order tree-level values with corrections from loops δλ (rad) i but also at tree-level δλ (tree) i from threshold corrections due to integration of heavy states:
Now, put the two Higgs doublets together in a bi-doublet (Φ 1 , Φ 2 ) T where Φ 1 and Φ 1 can be represented as columns with two entries. We then consider the SU(2) symmetry that rotates the two doublets among themselves. We denote this group as SU(2) R and the two fields appear now in the fundamental representation of the SU(2) R . This is reminiscent of the Standard Model custodial symmetry.
A potential that is invariant under SU(2) R will contain only singlets of SU(2) R and can be written ast
where |l, m > are the spin representation of SU(2) R in the standard notation. It is easy to check that:
and
while comparing with (2) gives:
The absence of other |l, m >'s can be enforced by choosing
For the case of CP conserving Lagrangian under consideration, there are three CP even scalars with square-mass matrix
These are given by
where λ 345 ≡ λ 3 + λ 4 + λ 5 , while the pseudoscalar mass m A is given by
The off-diagonal square-mass matrix element Z 6 measures the displacement from alignment. It can be written in the SU(2) 4 basis as
where we used the notation (see [9] ):
The coefficients appearing in (13) are given by:
We See that the invariance under SU(2) R implies alignment. The breaking of SU(2) R even just to its abelian sub-group spoils the alignment. Also, note that we have λ 5 = 0, there is no contribution from |2, ±2 >. The quadratic part of the scalar potential can be written as:
where the only SU(2) R invariant part is given by the first line. The minimization of the potential leads to (e.g. [47] ):
Using that (15) implies λ 1 = λ 2 = λ 345 ≡ λ and λ 6 = λ 7 = 0, the equations () become:
which subtracted one of the other give (for s 2β = 0)
Thus the constraint of SU(2) R invariance of the quartic part of the potential implies an automatic alignment without decoupling.
A model with SU(2) R symmetry
In the context of supersymmetric theories, one way to obtain the SU(2) R described above is to make of the two Higgs doublets one hypermultiplet (Φ 1 , Φ 2 ) T , the SU(2) R becomes an R-symmetry and supersymmetry is extended to N = 2 in the Higgs sector. Now the SU(2) R R-symmetry will acts here as an SU(2) Higgs family symmetry [8, 9] , but now only on the quartic potential contains only terms that are invariant (singlet) under SU(2) R . As the Higgs doublets quartic potential receives contributions from D-terms, we must also extend the N = 2 supersymmetry to the gauge sector. mplies the presence of chiral superfields in the adjoint representations of SM gauge group. These are a singlet S and an SU(2) triplet T. We define
They contribute to the superpotential by promoting the gauginos to Dirac fermions, but also by generating new Higgs interactions through:
where the Dirac masses are parametrized by spurion superfields m αiD = θ α m iD where θ α are the Grassmanian superspace coordinates. The λ S,T are not arbitrary as N = 2 supersymmetry implies
where g Y and g 2 stand for the hypercharge and SU(2) gauge couplings, respectively. The Higgs potential gets also contributions fro soft supersymmetry breaking terms. We chose for simplicity the parameters to be real and we write
A peculiar 2HDM, with an extended set of light charginos and neutralinos, is obtained by integrating out of the adjoint scalars. This potential was in details [4] . IThe result can be mapped to (2) after the identification
from which we can now read
Again, restricting to the case of CP conserving Lagrangian, the three CP even scalars have square-mass matrix (10) with
We use:
where:
Now m A is given by
and square-mass matrix has eigenvalues:
while the charged Higgs has a mass
Also, the leading-order squared masses for the real part of the adjoint fields are [34] :
Let us turn now to the quadratic part of the potential. It can be written as (16) . Imposing a Higgs family symmetry would have required that both coefficients of the two SU(2) R non-singlets operators to vanish, therefore m 2 11 = m 2 22 and m 12 = 0. First, this would imply m 2 A = 0 which is not a viable feature. Second, the mass parameters in the quadratic potential under SU(2) R are controlled by the supersymmetry breaking mechanism and this is not expected to preserve the R-symmetry. It was shown in [28] that absence of tachyonic directions in the adjoint fields scalar potential implies that in a gauge mediation scenario that either breaking or messenger sectors should not be N = 2 invariant. Thus, the quadratic potential can not be invariant under SU(2) R .
R-symmetry breaking and misalignment
We have found above that invariance under SU(2) R symmetry of the quartic scalar potential is sufficient to insure the Higgs alignment. This is because the symmetry relates different dimensionless couplings and forces others to vanish in such a way that Z 6 itself vanishes. However, we this symmetry will be broken at least by quantum corrections to the mentioned set of couplings from sectors of the theory that do not respect the SU(2) R symmetry. Unexpectedly, it was found in [3] that these corrections are very small. This was checked numerically including all threshold and two-loop effects when they are known. Here, we would like to exhibit the structure of these corrections with respect to group theoretical organization of the scalar potential in representations of SU(2) R .
We start by writing the quartic scalar potential as:
where |j, m are the irreducible representations of SU(2) R .
Here λ 5 = 0, thus the misalignment is parametrized by
We see that the conservation of the U(1) (drag) R subgroup of SU(2) R is not sufficient for alignment as the presence of either of 1, 0 or 2, 0 leads to misalignment.
In our model λ |i,0> are corrections generated by higher order corrections to the tree-level λ (0) |i,0> . First, there are tree-level corrections corresponding to thresholds when integrating out adjoint scalars.
Note that the Higgs µ-term and the Dirac masses m 1D , m 2D are kept small , in the sub-TeV region. We have:
These induce
The corrections to the two singlet coefficients
do not contribute to a misalignment. The misalignment arises from the appearance of new terms in the scalar potential:
These preserve the subgroup U(1)
. This is because the scalar potential results from integrating out the adjoints which have zero U(1)
charge. For a numerical estimate, we take m SR m TR 5 TeV, m 1D m 1D µ 500 GeV, g Y 0.37 and g 2 0.64. This gives
This shows that this contribution to Z 6 can be neglected.
We consider now the misalignment from quantum corrections. Supersymmetry breaking induces mass splitting between scalars and fermionic partners that lead to radiative corrections.
Loops of the adjoint scalar fields S and T a do not lead to any contribution as long as their couplings λ S and λ T are given by their N = 2 values, which is the leading order approximation. This is a consequence of the facts that these scalars are singlets under the SU(2) R symmetry and at leading order and their interactions with the two Higgs doublets preserve SU(2) R . The absence of a contribution to Z 6 . was obtained by explicit calculations of the loop diagrams in Eq. (3.5) of [3] . It was found that when summed up different contributions to Z 6 cancel out. This result is now easily understood as a consequence of the SU(2) R symmetry.
Let's denote by D a for the gauge fields A a and F a Σ the auxiliary fields for the adjoint scalars Σ a ∈ {S, T a } of U(1) Y and SU(2) respectively. The set:
constitutes a triplet of SU(2) R thus implying the equalities λ S = g Y / √ 2 and λ T = g 2 / √ 2 in eq. (25). The violation of these relations by quantum effects translates into breaking of SU(2) R . The correction due to running of the couplings λ S and λ T leads to a violation of N = 2 relations (25) . This arises first from the radiative corrections from N = 1 chiral matter. As λ 1 and λ 2 are affected in the same way, we have δλ (2→1) |0 1 ,0> = 0, and using (15), we get:
In addition to the misalignment from the N = 2 → N = 1 described above, there is a contribution from the N = 1 → N = 0 mass splitting in chiral superfields. The difference in Yukawa couplings to the two Higgs doublets breaks the SU(2) R symmetry. For t β ∼ O(1), the biggest contribution is to λ 2 from stop loops due to their large Yukawa coupling:
Here Q, y t , m˜t are the renormalisation scale, the top Yukawa coupling and the stop mass, respectively. At the end we get:
We find that the misalignment comes from the squark corrections are compensated by the effect of running λ S , λ T . The numerical results are shown in Figure 1 . 
